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Abstract 
This study provides the basics for structural organization and classification of mechanisms within their subfamilies. The division 
of all mechanisms into subfamilies is based on the application of various types of kinematic pairs with varied numbers of relative 
motions. The introduction of subfamilies gives the necessary base for completed synthesis of all mechanisms within their 
families. It has been analytically proved that all five families of mechanisms include fifty seven subfamilies, where thirty one are 
in the zero family, fifteen in the first family, seven in the second family, three in the third family and one in the fourth family. 
The study presents new foundations for the structural synthesis of the planar and spatial mechanisms which may be only 
developed with the approach of separation into subfamilies. This new approach gives necessary foundations to further synthesis 
of any kinds of kinematic chains, such as Assur groups with zero DOF or multi-mobility systems, as well as one DOF 
mechanisms. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICIE 2016. 
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1. Introduction 
We start the construction of any machine from the calculation of its structural parameters and projection of its 
kinematic scheme. This operation is named structural synthesis. It is the fundamental section in Mechanism and 
Machine Science (MMS) and it is much undeveloped today, compare with other MMS sections. 
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New kinematic schemes of mechanisms have been constructed on a hunch with the help of former approaches or 
with the use of Assur method [1,2], in which structural groups of zero mobility [3,4] are added one by one 
beginning from a driving link. This solution is not always efficient as it does not include all diversity of presumable 
answers. 
The question of how to elaborate the structures of mechanisms including the preassigned number of links and the 
number of DOF (mobility) of the mechanical system is a multivariate problem. It is because of the situation when 
absolutely different schemes of mechanisms are constructed using identical number of links and pairs. These 
schemes are differentiated by the structure and types of kinematic pairs. This task might be solved through the 
analyzing of the mechanisms’ structure from the point of imposed constraints and application of different kinematic 
pairs with various numbers of their relative motions. 
Let’s consider the classification of families of mechanisms offered by Academician Artobolevsky I.I. [5]. It was 
proposed to divide all mechanical systems into families by the number of imposed constraints (m). Parameter m 
comes into the universal structural formula of mobility of kinematic chains which has been firstly derived by 
Professor Dobrovolsky V.V. [6] 
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where Wm – mobility of a kinematic chain, defining number of its DOF, n – number of movable links in a 
kinematic chain, pk – class of pairs from five to one. 
Mechanical systems with one DOF (Wm=1) are investigated in this paper. Parameter m accepts only positive 
integer values from 0 to 4. This allows separating all mechanisms into five various families beginning from the zero 
up to the fourth. 
2. Division of mechanisms into families depending on the number of general imposed constraints 
Mechanisms of the zero family are also known as “classically” spatial mechanisms which have no any 
constraints imposed on the movements of their links [7-11]. This type of mechanisms includes kinematic pairs of 
five classes – from one-DOF pairs (ɪ5) up to five-DOF pairs (ɪ1). Introduction of m=0 into in the formula (1) will be 
give us the structural equation for zero family mechanisms looks as follows 
123450 23456 pppppnW  .  (2) 
Fig. 1 presents the kinematic scheme of three-bar mechanism with osculating cylinders [12], which functions 
within zero family and has no imposed constraints. 
Mechanisms of the first family are spatial and have one general imposed constraint (m=1). If we input m=1 into 
the formula (1) we will get the equation shown below 
23451 2345 ppppnW  .  (3) 
These mechanisms might be organized by whole diversity of all kinematic pairs except pairs ɪ1. Number of 
relative motions of their links in the Cartesian space is five. The first family mechanism is shown in the Fig. 2. 
 
 
Fig. 1. Three-bar mechanism with osculating cylinders (m=0) 
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Fig. 2. Angled transmission mechanism (m=1). 
Two general constraints (m=2) are imposed on the motion of mechanisms of the second family, this also means 
that these mechanisms can be organized by pairs ɪ5, ɪ4 and ɪ3. Fig. 3 shows the mechanism for reproduction of 
spatial curves [13] of the second family (m=2). The structural formula connects number of movable links, kinematic 
pairs and mobility is written as 
3452 234 pppnW  .  (4) 
The third family includes planar and spherical mechanisms with the number of general imposed constraints of 
three. The mobility equation (1) with m=3 includes only one- and two-DOF pairs 
453 23 ppnW  .  (5) 
Four-bar cam mechanism with variable intermediate link [14] is in the Fig. 4. It has three imposed constraints and 
works within third family. 
 
Fig. 3. Mechanism for reproduction of spatial curves (m=2). 
 
Fig. 4. Four-bar mechanism with variable link (m=3). 
It is possible to synthesize only screw and wedge mechanisms within the fourth family where four general 
constraints (m=4) are imposed. These mechanisms include kinematic pairs only of the fifth class 
54 2 pnW  .  (6) 
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Fig. 5 presents known three-bar screw mechanism, it reproduces two relative motions in the Cartesian space.  
So, the number of general imposed constraints (m) gives an opportunity to create mechanisms in five various 
families depending on the mobility equations (2)-(6) which include such parameters as the numbers of classes of 
kinematic pairs, the number of DOF for a constructed mechanism and the number of movable links. 
3. Multi-family mechanisms with fractional number of general imposed constraints 
It should be noticed that there is a special type of mechanisms which cannot be referred to any of the above 
mentioned families when parameter m takes fractional values beginning from 0.5 up to 3.5. Such mechanisms are 
multi-family, they contemporaneously contain mechanisms or Assur groups of various families [15]. There is a 
kinematic scheme of the multi-family five-bar screw linkage which is presented in the Fig. 6 [16]. It simultaneously 
includes the planar four-bar mechanism of the third family (W3=1) composed from the links 1, 2, 3 and 4, and one-
bar group of zero DOF of the fourth family (W4=0) formed from links 1 and 5. 
 
 
Fig. 5. Three-bar screw mechanism (m=4). 
 
Fig. 6. Multi-family five-bar screw linkage (m=3,5). 
The mobility of this multi-family mechanism (Fig. 6) cannot be calculated by only one of the equations (2)-(6). It 
should be calculated in conformity with all chains involved in the mechanism. So, number of DOF for the part of the 
third family is 142333   W . For the part belonging to the fourth family number of DOF is 02124   W . 
The overall number of DOF for this multi-family mechanism will be W3,4=W3+W4=1, it means input motion is set 
for one link in the mechanism (in this case - for crank 2). 
4. Subfamilies of mechanisms, their structural formulas of mobility 
Within families mechanisms might have more special differences in their structure. One of these differences is 
the composition of the used kinematic pairs of various classes. Thereby subfamilies of mechanisms were introduced 
within families to consider more detailed distinctions among structures. Let’s look to the equations (2)-(6) to extract 
possible subfamilies of mechanisms.  
It is feasible to write thirty one equations for subfamilies of mechanisms in the zero family which have totally 
various compositions of kinematic pairs [17,18]. The most complex subfamily includes contain of pairs from five- 
up to one-DOF and describes by the formula 
12345)1(0 23456 pppppnW  ,   (7) 
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when the simplest one subfamily, thirty first, includes only one-DOF pairs 
1)31(0 6 pnW  .   (8) 
There are fifteen subfamilies of mechanisms within the first family. The first subfamily is the most complex as it 
involves kinematic pairs of the fifth (p5), fourth (p4), third (p3) and second (p2) classes. The fifteenth subfamily is the 
simplest one. It includes one class of pairs - p2 
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Mechanisms of the second family are organized by three- (p3), two- (p4) and one-DOF (p5) kinematic pairs. So, 
seven various subfamilies have been extracted [19, 20], their analytical equations are shown in the system (10) 
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The third family has only three subfamilies. The first one is the most complex as it simultaneously includes one- 
(p5) and two-DOF (p4) pairs, while the second and third subfamilies involve either pairs p5 or p4 separately 
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Pairs of the fifth class (p5) connect links in the mechanisms of the fourth family, so a singular subfamily has been 
picked out and its analytical equation is totally repeated formula (6). 
It should be noted that to create a mechanism with one DOF, i.e. to provide condition Wm=1, is not feasible for 
each subfamily out of 57 ones. For example, the thirtieth subfamily of the zero family where only kinematic pairs of 
the second class are used and is described by the equation (12) 
2)30(0 26 pnW     (12) 
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does not give an opportunity to synthesize a mechanism because the coefficients before n and p2 in are even 
numbers, so condition W0(30)=1 is not satisfied. There might be constructed mechanical systems with zero or gerade 
numbers of DOF in this subfamily. 
5. Mechanisms synthesis within subfamilies on the example of elementary mechanisms of the third family 
Let’s turn to the subfamilies of mechanisms of the third family. The necessary condition for the first subfamily is 
the simultaneous use of kinematic pairs p5 and p4. Writing the equation for the first subfamily from the system (11) 
with W3(1)=1 we will get 
3/)12( 45  ppn ,   (13) 
from which minimal value of the parameter n will be equal to two (n=2), then minimal numbers of kinematic 
pairs p5 and p4 are 2 and 1 (p5=2, p4=1). Show the cam mechanism with higher kinematic pair p4 in the Fig. 7a. 
Second subfamily involves only one-DOF pairs. Introduce W3(2)=1 in the mobility formula for the second 
subfamily from the system (11) and then express parameter n like 
3/)12( 5  pn ,   (14) 
where minimum n is 3 and p5 is 4. There is a four-bar jointed mechanism shown in the Fig. 7b, which is 
constructed with the found parameters of n and p5. 
The third subfamily is organized only by pairs of the fourth class p4. Let’s express parameter n from the equation 
from the system (11) in the following form 
3/)1( 4  pn ,   (15) 
where minimum values are n=1, p4=2. Show in the Fig. 7c two-bar mechanism of the third subfamily [21] according 
to the calculated parameters. 
 
 
Fig. 7. Mechanisms of the third family. 
It comes from the Fig. 7a,b,c that planar mechanisms of the third family have principal differences in structure, 
function features and compositions of kinematic pairs while all these mechanisms have three imposed constraints 
(m=3) and their links work in a plane. 
6. Conclusions 
The idea of separation of mechanisms into subfamilies substantially simplifies the problem of structural synthesis 
of mechanisms and their classification, gives an opportunity to input more exact parameters for the designed 
mechanisms. 
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Theory of mechanisms subfamilies, developed in the current paper, might be elaborated in the direction of the 
designing of new mechanisms where kinematic pairs might be put in various positioning with the possibility to 
change pairs within their classes, i.e. to change relative movements of such pairs. For instance, if the system 
includes three-DOF pairs we could introduce spherical, planar or other pair of the third class. This approach gives an 
opportunity to design new mechanisms within their families and subfamilies. 
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